ABSTRACT: A recent survey found that approximately 4% of very low birth weight infants in Japan were treated with glucocorticoids postnatally for circulatory collapse thought to be caused by late-onset adrenal insufficiency. We identified 11 preterm infants with clinical signs compatible with this diagnosis (hypotension, oliguria, hyponatremia, lung edema, and increased demand for oxygen treatment) and matched them for gestational age with 11 infants without such signs. Blood samples were obtained for cortisol and its precursors from the patient group before the administration of hydrocortisone, and from the control group during the same postnatal week. All samples were analyzed using a gas chromatography-mass spectrometry system. Cortisol concentrations did not differ between the two groups (6.6 Ϯ 4.5 vs 3.4 Ϯ 2.7 g/dL); however, the total concentration of precursors in the pathway to cortisol production was significantly higher in the patient group (72.2 Ϯ 50.3 vs 25.0 Ϯ 28.5 g/dL; p Ͻ 0.05). We conclude that the clinical picture of late-onset adrenal insufficiency in preterm infants is not a result of an absolute deficiency of cortisol production, but may be a result of a limited ability to synthesize sufficient cortisol for the degree of clinical stress. A ccording to a recent nationwide survey in Japan, about 4% of very low birth weight (VLBW) infants are treated with postnatal steroids because of adrenal insufficiency of prematurity (AOP). This condition was defined in the survey as postnatal steroid usage during a hospital stay for treatment of late-onset circulatory collapse in premature infants (1). Reports on glucocorticoid-responsive hypotension among VLBW infants in the early postnatal period suggest that the hypothalamus-pituitary-adrenal system does not function sufficiently in the immediate postnatal period (2-7), and, as a result, the serum cortisol level is relatively low during the first week of life (8 -13). However, it has been suggested that this adrenal insufficiency in preterm infants is transient and that adrenal function tends to return to normal by the end of the second week of life (14). Two randomized control trials have demonstrated the benefit of glucocorticoids for preventing and treating refractory hypotension during the first week of life in VLBW infants (15, 16) . Therefore, glucocorticoid-responsive hypotension was not considered a common phenomenon beyond the first week of life in this population. However, VLBW infants sometimes develop late-onset glucocorticoid-responsive circulatory collapse.
A ccording to a recent nationwide survey in Japan, about 4% of very low birth weight (VLBW) infants are treated with postnatal steroids because of adrenal insufficiency of prematurity (AOP). This condition was defined in the survey as postnatal steroid usage during a hospital stay for treatment of late-onset circulatory collapse in premature infants (1) . Reports on glucocorticoid-responsive hypotension among VLBW infants in the early postnatal period suggest that the hypothalamus-pituitary-adrenal system does not function sufficiently in the immediate postnatal period (2) (3) (4) (5) (6) (7) , and, as a result, the serum cortisol level is relatively low during the first week of life (8 -13) . However, it has been suggested that this adrenal insufficiency in preterm infants is transient and that adrenal function tends to return to normal by the end of the second week of life (14) . Two randomized control trials have demonstrated the benefit of glucocorticoids for preventing and treating refractory hypotension during the first week of life in VLBW infants (15, 16) . Therefore, glucocorticoid-responsive hypotension was not considered a common phenomenon beyond the first week of life in this population. However, VLBW infants sometimes develop late-onset glucocorticoid-responsive circulatory collapse.
The purpose of the current study differs from previous reports on the above pathophysiological etiologies, because we focused specifically on late-onset circulatory instability, which is usually prominent after the first week of life in preterm infants. AOP was defined as postnatal steroid treatment for late-onset (after the first week of life) adrenal insufficiency in premature infants. To elucidate the pathogenesis of this disorder, a comparison of steroid hormone concentrations between infants with and without AOP is required. However, measurements of cortisol concentrations in preterm infants suspected to have adrenal insufficiency have been inconsistent, perhaps because of use of different methods for measurement of cortisol in blood samples. Immunoassays for measuring hormone concentrations are sensitive enough to detect small amounts of steroid hormones, but cross-reactivity of antibodies is sometimes a problem. To avoid these problems, HPLC and a gas chromatography-mass spectrometry (GC-MS) assay system were used in this study. A patient-matched control comparative study was performed using the GC-MS assay system to measure steroid hormone concentrations, with the aim of elucidating the pathogenesis of late-onset AOP among preterm infants.
PATIENTS AND METHODS
Patients. Preterm infants with a gestational age of less than 32 wk without major congenital anomalies and who survived until discharge were eligible for the study. Infants treated with glucocorticoids for any reason before onset of AOP were excluded. The gestational age was determined by an obstetric examination with ultrasonography. Infants weighing less than the 10th percentile of the normal birth weight curve at each gestational age were defined as light-for-date. Antenatal steroid usage was defined as administration of corticosteroids to accelerate fetal lung maturity; infants who received antenatal steroids were not excluded from the study.
Criteria of adrenal insufficiency. There are no definitive diagnostic criteria for adrenal insufficiency in preterm infants, and therefore independent guidelines are used for glucocorticoid treatment in our neonatal intensive care unit (NICU), with diagnostic criteria determined based on our previous clinical observations. Our analysis indicates that about 30% of infants with at least one of the diagnostic criteria and more than 80% of infants with two of these criteria develop glucocorticoid-responsive severe hypotension within 12 h. Therefore, when more than two of the following five signs are clearly present in a preterm infant at more than 1 wk after birth, a replacement dose of hydrocortisone (1-2 mg/kg/dose) is administered. Adrenal insufficiency is diagnosed when all signs are improved within 6 h after treatment without other supportive treatment.
The five signs of adrenal insufficiency in VLBW infants are hypotension, oliguria, hyponatremia, lung edema, and an increased demand for oxygen treatment. Respiratory instability was included because there is a strong association between adrenal insufficiency and development of chronic lung disease (CLD) in preterm infants (17) . Hypotension is defined as a systolic pressure of Ͻ40 mm Hg or a 20% reduction from the previous value; oliguria as urine output of Ͻ1 mL/kg/h during a 4-h interval; and hyponatremia as a serum sodium concentration of Ͻ130 mEq/L or a rapid decrease of Ͼ5 mEq/L. Lung edema is diagnosed by chest x-ray examination. Increased oxygen treatment is defined as a rapid increase in the fraction of inspired oxygen by Ͼ0.1.
If an infant shows deterioration, including more than two of these signs, then other causes of illness besides AOP, such as infection, anemia, patent ductus arteriosus, and hypovolemia, were first ruled out. Especially, hypovolemia was evaluated based on the total size of the heart on chest x-ray, echographic measurement of the size of the inferior vena cava and the left ventricular diastolic diameter, and the blood flow pattern of peripheral arteries such as the renal and supermesenteric arteries. Thereafter, replacement treatment was administered. Infants who did not respond to this therapy within 6 h were excluded from the study. Infants with early neonatal hypotension (defined as hypotension occurring less than a week after birth) were also excluded.
Sample collection. Once adrenal insufficiency was suspected according to the diagnostic criteria, 100 L of blood was obtained before administration of glucocorticoids. Infants without adrenal insufficiency were identified as matched controls in terms of gestational week, within a difference of a week. During a routine check-up, the same amount of blood was collected from controls in the same week after birth as the patients. Finally, if the control infants did not show any signs of adrenal insufficiency during the stay in the NICU, they were formally assigned to the control group. However, potential control infants who were found to be suffering from adrenal insufficiency after blood sampling were included in the patient group and another infant was chosen as a control. If no matched infants could be found for a particular patient, the patient was excluded from the study. The study groups were not masked, but all clinical decisions and interventions were performed by the attending physicians and were basically similar for the two groups. Blood specimens were centrifuged immediately and stored at Ϫ70°C until assay.
Assay of steroid hormones. Multiple and simultaneous determination of steroid hormones was carried out as previously reported (18 -20) . Briefly, standard solutions for pregnenolone, 17-OH-pregnenolone, dehydroepiandrosterone (DHEA), progesterone, 17-OH-progesterone, cortisone, and cortisol were purchased from Steraloids Inc. (Newport, RI). The Oasis Max cartridge (size: 1 mL/30 mg) was used as a solid phase extraction column (Waters Corp., Milford, MA). Arylsulfatase (EC 3.1.6.1, from Helix pomatia) was obtained from Roche Diagnostics GmbH (Mannheim, Germany), and N,O-bis(trimethylsilyl)trifluoroacetamide was purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). The reagents and microtiter plates used in the ELISA and analytical columns for HPLC and GC-MS have all been described previously (18 -20) .
Serum samples (0.1 mL) were treated with 0.6% aqueous glutamic acid solution and then applied to a solid-phase extraction column to separate the steroids into fractions of unconjugated and sulfoconjugated steroids. Next, both fractions were evaporated under vacuum until dry. The unconjugated steroids were further purified by HPLC based on the following retention times: cortisol (6.5 min), cortisone (6.8 min), 17-OHpregnenolone (27.2 min), DHEA (30.8 min), 17-OH-progesterone (34.4 min), progesterone (56.7 min), and pregnenolone (63.0 min). The serum concentrations of pregnenolone, 17-OH-pregnenolone, and DHEA were measured by an ELISA and those of cortisol and cortisone were determined by GC-MS (18 -20) . The sulfoconjugated steroids were hydrolyzed with arylsulfatase and purified by HPLC. The isolated free steroids (17-OH-pregnenolone, DHEA, and pregnenolone) were derivatized with N,O-bis(trimethylsilyl)trifluoroacetamide and analyzed by GC-MS. The resulting values were expressed as the monosulfate concentration in serum. The intra-and interassay coefficients of variation in these assays were Ͻ6.6% and Ͻ9.8%, respectively.
Statistics and protocol. All statistical analyses were performed using SPSS (Version 14.0J, SPSS Inc., Chicago, IL). Clinical indicators and hormone values did not show a normal distribution. Thus, a MannWhitney U test was applied for comparison of continuous clinical variables between groups. This nonparametric test was also used for comparison of hormone levels instead of using log-transformed data because the distribution of the total amount of precursors was not known. For categorical variables, Fisher's exact test was used. A significant difference was defined as p Ͻ 0.05.
The study was approved by the Ethics Committee of Tokyo Women's Medical University. All parents of preterm infants of gestational age less than 32 wks were fully informed about the study on admission, and the infants were selected as candidates for the study after written informed consent was obtained. Once the infants were entered into the study, the parent received a brief explanation of the clinical status of the infants after blood sampling.
RESULTS

Patient characteristics.
A total of 158 infants under 32 wk of gestational age were admitted to the NICU at Tokyo Women's Medical University between January 2004 and March 2006. Two were excluded from the study because of major congenital anomalies, nine died before discharge, and seven were excluded because of prior glucocorticoid treatment. Twelve infants were diagnosed with late-onset AOP and treated with hydrocortisone; one of these infants was subsequently excluded for lack of response to treatment and diagnosis of bacterial infection of the intestinal tract. Infants admitted during an additional 6-mo period were also considered eligible for the control group to permit recruitment of matched controls. During this 6-mo period, another 35 preterm infants were admitted to the NICU, and all except three infants who received glucocorticoids during the first week of life were considered eligible for inclusion as control infants. Eleven infants were selected as matched controls over the whole study period. No matched infant could be found for one patient with a gestational age of 22 wk and 3 d. This infant showed similar results to those of other patients in terms of steroid hormone profile, but ultimately was excluded from the study to balance the gestational age and background characteristics of the patient and control groups. A total of 22 infants were analyzed in the study: 11 in the patient group and 11 in the control group. There were no significant differences between the characteristics of the two groups (Table 1) , and the incidences of common neonatal morbidities (Table 2 ) also showed no differences between the groups. The patients recovered from all signs of adrenal insufficiency after a single dose of glucocorticoids.
Steroid hormone concentrations. Steroid hormones were measured just before hydrocortisone administration in the patient group, and were compared with the concentrations measured in the same weeks after birth in the control group. The cortisol concentrations did not differ significantly between the groups: 6.6 Ϯ 4.5 (7.8, 3.1-11.3, median and quartiles) g/dL and 3.4 Ϯ 2.7 (2.5, 1.4 -5.5) g/dL in the patient and control groups, respectively ( Table 3) . The relationship between cortisol and other hormones was also evaluated. The enzyme activity of 3␤-hydroxysteroid dehydrogenase (3␤-HSD) is impaired in preterm infants, and therefore, the amounts of precursor hormones that are substrates for 3␤-HSD were compared between the groups (21) . DHEA and DHEA sulfate are not direct substrates for the enzyme, but they are the main products from the precursors in the fetal adrenal gland. Post 3␤-HSD steroid hormones (17-OH-progesterone and progesterone) were also examined (Table 3 ). Most precursor hormones in patients were at higher levels than expected, but there were variations between the infants. Therefore, the amount of total precursors was calculated as the sum of the concentrations of DHEA, 17-OH-pregnenolone, pregnenolone, and their sulfates for comparison between the groups. The total precursor concentrations were 72.2 Ϯ 50.3 (60.1, 34.0 -122.7) and 25.0 Ϯ 28.5 (17.0, 1.8 -30.6) g/dL in the patient and control groups, respectively (Mann-Whitney U test, p Ͻ 0.017; Fig. 1 ).
DISCUSSION
In this study, we found that serum cortisol concentrations did not differ between patients diagnosed with AOP after the first week of life and controls matched for gestational age. The cortisol concentrations were compatible with previous findings in infants beyond the first week of life (12, (21) (22) (23) , but contrary to the expectation that critically ill patients should have higher cortisol concentrations than normal individuals (24) . However, we also found that infants diagnosed with AOP had significantly higher accumulation of cortisol precursors, suggesting limited 3␤-HSD activity. Fetal cortisol production is limited and insufficient to meet the need for rapid cellular proliferation (25) , and premature delivery may result in a limited ability to produce cortisol (26, 27) . In this study, cortisol concentrations did not increase in preterm infants with AOP, but the infants responded to hydrocortisone administration with resolution of clinical signs of adrenal insufficiency. Thus, late-onset circulatory collapse caused by AOP is likely a result of relative adrenal insufficiency under excess stress; however, this phenomenon is transient and the preterm infants can cope with the increased stress upon development of full 3␤-HSD activity in the adrenal gland.
The strengths of the study include the matching of infants with AOP to a group without AOP, and the multiple and simultaneous GC-MS analysis of serum steroid hormones in preterm infants. There have been several studies of the concentration of cortisol in preterm infants (8 -13,21-23 ), but the cross-reactivity of antibodies used in immunoassays of cortisol makes it difficult to evaluate the cortisol concentration using this technique. The HPLC and GC-MS used in the current study allow multiple products to be measured simultaneously. Analysis of urinary steroid hormones by GC-MS has been reported (28) , but for patients with AOP it is necessary to analyze serum samples and not urine specimens because of the acute changes that occur in AOP.
Impaired production of cortisol and accumulation of precursors for cortisol has been shown in preterm infants with CLD or those under stress (12) . These data suggest that preterm infants with hypotension or CLD have a limited ability to synthesize cortisol under stress, and our data are consistent with this possibility. Preterm infants may be exposed to more stress than term infants, because of mechanical ventilation, oxygen treatment, or i.v. alimentation, and the adrenal gland in such infants may be fully stimulated. However, a low response of the hypothalamus-pituitary-adrenal system has also been reported in preterm infants under stress (29, 30) . Two infants in our study did not show an increase of cortisol precursors. These two infants might have demonstrated reduced production against stress, but we were unable to perform an adrenal stimulation test, which would have ruled out the possibility of a failed response of either the hypothalamus or pituitary in these infants.
The number of infants who develop AOP in the NICU is relatively high and seems to have increased in the last decades; however, the increased incidence might reflect changes in the accuracy of diagnosis. Even if infants after the first week of life have hypotension or other clinical signs such as hyponatremia, hyperkalemia, oliguria, and worsening of respiratory conditions, thus suggesting adrenal insufficiency, these manifestations may not reflect underlying glucocorticoid deprivation. Specifically, it is almost impossible to differentiate these conditions from the initial symptoms of septic shock, and sepsis, hypovolemia, or other conditions associated with circulatory instability must first be ruled out in infants with these symptoms (31) .
Understanding the pathophysiology of adrenal insufficiency in preterm infants is important for improving treatment and preventing the disorder, and examination of adrenal function requires studies of hormonal conditions using simultaneous analysis of steroid hormones. Our results indicate that preterm infants develop late-onset AOP because of relative adrenal insufficiency under excess stress. However, this conclusion is preliminary because of the small patient population, and it is still unclear which preterm infants will develop AOP and when adrenal function will mature. Therefore, further evaluation of adrenal function in a larger number of preterm infants is required to examine these issues.
